Year-round greenhouse production in northern latitudes depends on the use of artificial lighting. Light emitting diodes provide a promising means to save energy during cultivation as well as to modify the light spectrum to regulate the growth and quality of the crop. We compared the effects of light emitting diode lighting with different spectral compositions on the growth, development and nutritional quality of lettuce (Lactuca sativa L. 'Frillice'). We show that warm-white and warm-white supplemented with blue spectra provide equal growth and product quality compared to conventional high-pressure sodium lighting in the absence and presence of daylight. Our data indicate that for biomass accumulation, the far-red component in the light spectrum is more critical than green light or the red/blue ratio. Furthermore, we demonstrate that a red þ blue spectrum increases the concentration of several vitamins in lettuce. However, biomass accumulation using this spectrum was insufficient when daylight was excluded.
Introduction
Artificial lighting is necessary for year round greenhouse production of horticultural crops in northern latitudes. During the last decades, the high-pressure sodium (HPS) lamp has become the major horticultural light source, because of its high photon flux emission, low cost, long operational life, and high electrical efficiency. 1 The electrical energy consumption due to artificial lighting significantly increases the production costs especially during the winter. These high costs and increasing demand for energy savings require the development of more energy-efficient lighting technologies. The light emitting diode (LED) is a promising and fast-developing technology that is expected to provide significant energy savings in various applications in the near future. These include development of novel LED regimes for horticultural lighting. 2, 3 For plants, light is essential as it provides energy to drive photosynthesis. However, light also acts as an important external source of information that affects plant growth and development. Chlorophylls are major photosynthetic pigments, and chlorophyll molecules isolated in an organic solvent absorb blue and red light. Therefore, these wavebands are thought to support plant growth most efficiently. 4 Other photoreceptors, including the blue light receptors cryptochrome and phototropin as well as the red/ far-red absorbing phytochromes, monitor light spectra to control growth and development, and consequently, the phenotype of the plant. The regulation of stem elongation, leaf expansion, flowering, opening of the stomata and phototropism are examples of developmental responses mediated by these receptors. 5 Also, green light has been shown to affect plant growth and development since a relatively high proportion of it is transmitted through leaves and penetrates deeper into the canopy. 6, 7 Although HPS lamps have been successfully used in horticultural lighting, their light emission, which is predominantly in the green and yellow regions of the electromagnetic spectrum, is not optimal for photosynthesis. For example, cucumber plants grown solely under HPS lamps without natural light remain stunted and accumulate less dry mass compared to plants grown under an artificial solar spectrum. 8 In contrast, colour LEDs, which can emit light in a narrow-band wavelength region, can be used to tailor the spectrum in order to optimize photosynthesis and to regulate the growth and development of the crop. 7, 9, 10 In earlier studies, mostly red and blue LEDs have been compared to conventional lamp types but also green and far-red LEDs have been tested. 11, 12 Plants are able to grow with red light only, but with the addition of blue light up to 50% of total photosynthetically active radiation (PAR) has been shown to increase the photosynthetic capacity, and consequently, biomass accumulation. 10, 13, 14 Moreover, blue light has been shown to reduce the elongation growth, while far-red light has an opposite effect. 9, 15, 16 Also supplementing a red þ blue spectrum with green light as well as the addition of far-red to the red light has been shown to increase growth and biomass accumulation of lettuce seedlings. 7, 17 LED technology allows us to develop more comprehensive knowledge on the effects of light spectrum on growth and development of diverse greenhouse crops, which is necessary for more controlled production to meet the requirements of the market. Light also has a role in regulating the secondary metabolism of plants. Green leafy vegetables are good dietary sources of many vitamins. Folate, one of the B vitamins, exists as several vitamers that mediate the transfer of one-carbon units in various metabolic processes (C 1 -metabolism). Typically, 5-methyltetrahydrofolate dominates in plants, whereas 5-formyltetrahydrofolate might serve as a storage form and can convert to 5,10-methenyltetrahydrofolate. 18 In humans, adequate folate intake is known to prevent neural tube defects and megaloblastic anaemia and may reduce the risk of other birth defects, cardiovascular disease, several cancer types, and cognitive disorders. 19 Lettuce is widely consumed and abundant in folate. 20, 21 Folate synthesis is promoted by light but the association between folate and photosynthesis as well as related metabolism is not yet understood. 18 It has been shown that storage under continuous light may increase folate contents in spinach. 22 However, little is known about the effect of light intensity or spectrum on folate in greenhouse conditions. Tocopherols, including active vitamin E -tocopherol, and carotenoids, including vitamin A provitamins, are antioxidant compounds that are synthesized in photosynthetic organisms from the isoprenoid biosynthetic pathway. 23 They are accumulated in thylakoids, envelopes and plastoglobuli in chloroplasts, 24 and are present in high amounts in green vegetables. In plants, the major function of carotenoids and tocopherols is to protect photosynthetic membranes from oxidative stress. During high-intensity light stress, chlorophylls are excited and reactive oxygen species are formed increasing the need for antioxidant protection. In general, total carotenoid levels are higher in high-light and sun leaves than in low-light and shade leaves. 24 The level of -tocopherol steadily increases in leaves under high-intensity light stress, and several-fold levels may be found in late summer compared to spring. 24, 25 To our knowledge, the effect of light spectra on these vitamins has not yet been studied.
Since a high intake of nitrate causes risks for human health. The European Commission has established regulations for the maximum nitrate levels for vegetables. 26 Green leafy vegetables typically have high nitrate content, which may exceed the limits set by European Commission. Earlier studies have shown that nitrate content in lettuce plants correlates negatively with photosynthetic activity, 27 and therefore nitrate concentration increases with decreasing light intensity. 28 However, a more recent study revealed that nitrate concentration in leafy vegetables can be substantially reduced by short-term pre-harvest treatment with red LED lighting. 29 The aim of this study was to compare the effect of light spectrum on lettuce (Lactuca sativa L.) growth, morphology and accumulation of phytonutrients. Four different LED lighting spectra (red þ cool white, RCW; red þ blue, RB; warm white, WW and warm white þ blue, WWB) were first evaluated in the absence of daylight. Finally, the LED spectrum which provided optimal biomass accumulation in the absence of daylight was tested as a supplemental light to daylight. In both experiments, conventional HPS lamps were used as control.
Materials and methods

Plant material and growing system
Pilled lettuce seeds of cv. Frillice were sown in a coarse growing peat (Kekkila¨Oyj, Tuusula, Finland). Two plants per pot were allowed to grow. Plants were transferred into a hydroponic system when they had approximately two growing leaves and were grown at a density of 45 plants per m 2 . Complete nutrition solution (Vihannes-Superex, 9-5-31 NPK, Kekkila¨, Finland) with electrolyte conductivity (EC) of 1.8 was used. The EC value was monitored twice a week. Growing temperature was set to 17.5/16.5 AE 1.08C (day/night) and the daily photoperiod was 20 hours. Two experiments were carried out at the University of Helsinki with the different lighting systems described below.
In experiment 1, one treatment plot of approximately 2.0 m Â 2.5 m was constructed for each lighting system (see below). Plots were surrounded by non-transparent reflective plastic film (walls, height 2 m). In addition, natural light was excluded by a similar plastic film placed above the plastic walls (roof). The walls and the roof were separated by a distance of 0.5 m to allow proper air circulation between the treatment plots. Twenty plants were grown in the middle of each treatment plot, and these plants were surrounded with additional plants in all sides in order to avoid border effects. At the end of experiment, five plants per treatment were randomly selected for nutritional analysis and fifteen plants were used for growth observations (see below).
In experiment 2, non-transparent reflective plastic films were set on both sides of the two treatment plots in a north-south direction with a distance of 4 m, and HPS or WW LED lamps were set in the middle of the plot. This setup excluded light from another treatment, but allowed the efficient use of natural light coming to the greenhouse through the roof during the day. Twenty-four plants surrounded by additional plants on all sides were grown in both plots. Four randomly selected plants per treatment were used for nutritional analysis and 20 plants for growth observations.
Lighting systems
In experiment 1, the four LED lighting spectra RCW, RB, WW and WWB were compared to HPS lighting. Experiment 1 was carried out in March-April 2010. The LED luminaires were composed by arrays of 6 W red, blue, cool-white and 13 W warm-white LED modules (Light Line Source L-CM12/L-CM6, Citizen Electronics Co., Ltd, Japan). The peak wavelengths of the red and blue LEDs were 660 nm and 450 nm, respectively. The correlated colour temperature (CCT) of the warm-white and cool-white LEDs was 2700 K and 5000 K, respectively. HPS lamps (PLANTASTAR 400 W, Osram, Germany) were installed in two high-bay luminaires (Cropmaker, Elektro-Valo Oy, Finland).
The normalized spectral photon flux distributions of the lighting systems ( Figure 1 ) were determined based on the spectral power distribution measured with a calibrated Spectral Lamp Measurement System (SLMS, Optronic Laboratories, USA) consisting of an Ulbricht-type integrating sphere with a thermoelectrically cooled diode array spectrometer, computer and LabScan software. In order to calculate red to blue (R/B), red to far-red (R/FR), and green to blue (G/B) ratios (Table 1) , blue, green, red and far-red spectral components were determined from the integration of the photosynthetic photon flux between 400-500 nm, 500-600 nm, 600-700 nm, and 700-800 nm wavelength ranges, respectively. The average photosynthetic photon flux density (PPFD) was determined for each lamp (Table 1) based on measurements at 81 points uniformly distributed over the growth area at plant canopy height using a high-resolution spectrometer (HR4000, Ocean Optics, USA). In experiment 2, the effect of WW LEDs and HPS lamps on lettuce growth and quality was evaluated in the presence of daylight. Experiment 2 was carried out in SeptemberOctober 2010. The PPFD due to supplemental lighting was 152 AE 11 and 157 AE 12 mmol m À2 s À1 under WW LED and HPS lamps, respectively. Lamps were conventionally controlled using a discontinuous on-off regime. Supplemental lighting systems were switched off when the outside global solar irradiance exceeded the 270 W m À2 threshold level. This regime was implemented using the greenhouse climate control installation (Inte´gro, Priva, The Netherlands). The average photosynthetic photon flux integral was approximately 14 mol m À2 per day in both treatments which corresponds to a constant PPFD of about 200 mmol m À2 s À1 during the 20-hour lighting period.
Growth and external quality observations
After five weeks of growth, the height of the plant, the plant leaf area (only in experiment 1), the number of leaves, and the plant fresh and dry weight excluding roots were recorded. Tip burn was evaluated based on the qualitative scale where 0 ¼ no visible tip burn, 1 ¼ some symptoms visible, 2 ¼ severe symptoms, and 3 ¼ not commercially acceptable. Observations were performed on 15 or 20 plants in experiments 1 and 2, respectively.
Nutritional value
Five or four individual plants were randomly sampled for chemical analyses in experiments 1 and 2, respectively. Whole plants were immediately frozen in liquid nitrogen and vacuum dried in darkness (Heto drywinner FD 8, Cambridge Biosystems, UK) and folate, carotenoids, tocopherols, and nitrate were determined.
Total folate contents were determined in duplicate by microbiological assay on microtitre plates using Lactobacillus rhamnosus ATCC 7469 as the test organism. Sample preparation included heat extraction followed by trienzyme treatment with hog kidney conjugase, -amylase, and protease as reported previously. 30 Method performance was confirmed by analysing a blank sample as well as certified reference material BCR 485 (Mixed vegetables; obtained from the Institute for Reference Materials and Measurements, Geel, Belgium) in each set of samples. Folate vitamers were quantified in duplicate by ultra-high performance liquid Table 1 . Photosynthetic photon flux density within PAR spectral region (i.e. 400-700 nm), and red (600-700 nm) to blue (400-500 nm), red to far-red (700-800 nm), and green (500-600 nm) to blue photon flux ratios of different lighting systems. chromatography (UHPLC) after affinity chromatographic purification as described by Edelmann et al.
31
Lutein as the major carotenoid was analysed by reversed-phase high-performance liquid chromatography (RP-HPLC) using an internal standard method according to Caldwell and Britz. 32 In brief, freeze-dried samples, ca. 10 mg, were extracted with 1 mL cold 80% acetone with 0.01% butylated hydroxytoluene and 5 mg of -apo-8'-carotenal (internal standard, Sigma, USA) by vortexing for one minute. After the extract was withdrawn, the residue was re-extracted with 1 mL of the same solvent except for the internal standard, and the extracts were combined. Filtered extracts (0.45 mm, GHP Acrodisc 13) were analysed by RP-HPLC with UV detection set at ¼ 412 nm using an octadecylsilica column (5 mm, 4.6 Â 250 mm, Zorbax ODS, Agilent, USA) and gradient elution with 80% aqueous methanol with 0.05% triethylamine and ethylacetate with 0.05% triethylamine at 1 mL min À1 at 248C. 32 Quantification was based on linear calibration curves of mixtures of lutein (in ethanol: ¼ 444 nm, E 1% ¼ 2550) and -apo-8'-carotenal (in ethanol: ¼ 457 nm E 1% ¼ 2640) with actual concentrations measured by UV. Method performance was confirmed by analysing in each extraction batch the same certified reference material BCR 485 as used in folate analysis. Lutein content of the reference material was 13.9 AE 0.6 mg g À1 (mean AE st. dev; n ¼ 13) whereas the certified value was 12.5 mg g À1 DM with an uncertainty of 0.8 mg g À1 DM. Recovery of added lutein at 3 mg/sample level was 92% (n ¼ 5). Each lettuce sample was analysed in triplicate.
Tocopherols, -, -, and -vitamers, were analysed by normal-phased high-performance liquid chromatography (NP-HPLC) using an internal standard method. Tocopherols were extracted and prepared for HPLC analysis as carotenoids except for using heptane as the solvent and -tocopherol (0.5 mg) as an internal standard (no. 15496, fu¨r biochemische Zwecke, Merck, UK). Tocopherol analysis was done according to Schwartz et al. 33 using a silica column (5 mm, 4.6 Â 250 mm, Inertsil, Varian Inc., Torrance, USA) and 3% 1,4-dioxane in heptane elution with 2 mL min À1 and fluorescence detection ( ex ¼
Nitrates were eluted from freeze-dried samples by milli-Q-water. Nitrate content was analysed spectrophotometrically in a commercial analytical laboratory (Soil Service Analysis, Mikkeli, Finland).
Chlorophyll A and B and total chlorophyll levels were measured from frozen non-dried samples as described earlier. 34 
Experimental design and statistical
analyses Both experiments were carried out as completely randomized experiments in a single greenhouse room. Plants were randomly assigned to the treatments (different light spectra, k ¼ 5 for experiment 1 and k ¼ 2 for experiment 2). The number of replicates (individual plants) was 15 or 20 for growth measurements and 5 or 4 for nutritional analyses in experiments 1 and 2, respectively. In experiment 1, the growth, vitamin and nitrate data were subjected to analysis of variance and pairwise comparisons of the treatments (LED spectra) relative to the control (HPS) were performed using Dunnett's test at the significance level ¼ 0.05. In experiment 2, two-independent-sample Light spectra and lettuce growth and nutrition 885 comparisons between the treatments were performed using Student's t-test.
Statistical analyses for the data were carried out with the SAS statistical software package (SAS/STAT software, version 9.2 of the SAS System for Windows, SAS Institute Inc. Cary, NC, USA). The presence of tipburn was analysed with the non-parametric Kruskal-Wallis test and the pairwise comparisons to the control treatment were carried out separately with the Mann-Whitney U test with Bonferroni correction at the significance level ¼ 0.05.
Results
Growth and biomass accumulation
In experiment 1, which was carried out without natural light, light spectra significantly affected the shoot fresh and dry weight, the dry matter content, the height, the number of leaves and the leaf area of lettuce plants (p50.001 for all variables). Almost equal shoot fresh weight was found in the plants grown for five weeks under HPS, WW and WWB lighting, whereas the fresh weight of plants grown under RCW or RB LEDs was over 40% less than the weight of the plants in the HPS treatment (Figure 2(a) and  (b) ). Similarly, the dry weight of RCW and RB grown lettuce plants was smaller than in the control plants. Furthermore, plants grown under RCW and RB lamps were shorter than plants under HPS whereas WW or WWB spectra did not affect elongation growth (Figure 2(c) ). Consistent with higher fresh weight and elongation growth, the leaf area was also larger in the plants grown under HPS lamps than in plants grown under RCW or RB conditions, whereas the leaf area of plants grown under WW and WWB lamps did not differ from HPS (Figure 2(d) ). The number of leaves was higher in HPS treatment than in all other treatments (Figure 2(e) ). Overall, the size of the plants exceeded the weight and height limits of marketable pot lettuce in Finland (100 g and 13 cm, respectively) only in the HPS, WW and WWB treatments during the 5-week growing period. The plant size variation between the treatments did not correlate with changes in chlorophyll contents, since no statistically significant differences were found in ChlA, ChlB or total chlorophyll contents between LED and HPS treatments (data not shown).
In experiment 2, HPS lamps and WW LEDs were tested as a supplemental light. In this experiment, the average fresh weight exceeded 200 g in both treatments during the five-week growing period, but no statistically significant differences between treatments were found in any of the growth parameters analysed (data not shown).
Tip-burn symptoms
Tip-burn, i.e. browning of the leaf edges caused by calcium deficiency, 35 is a common problem in greenhouse grown lettuce. We evaluated the presence of tip-burn in the plants grown under different lighting spectra by using 0-3 scale. All plants grown under RCW and RB spectra had tip-burn symptoms, and severe tip-burn symptoms (class 2) were found in almost half of the plants (Figure 3 ). In the plants grown under WWB spectra, no class 2 symptoms were observed and in WW and HPS treatments they were rare. In addition, in WW, WWB and HPS treatments, some plants had no tip-burn at all. However, differences in the presence of tip-burn between HPS and LED lighting treatments were not statistically significant. In experiment 2, tip-burn was present in all plants, and about half of the plants had class 2 tip-burn symptoms in both HPS and WW treatments (data not shown).
Vitamin and nitrate contents
In experiment 1, lighting treatments affected total folate contents (p ¼ 0.013) which ranged from 12.4 to 15.0 mg g À1 DM between the treatments according to the results of the microbiological method ( Table 2 ). The comparison of different LED treatments with HPS revealed that folate content was about 20% higher in plants grown under RB, but no statistically significant differences were found between other LED treatments and HPS according to Dunnett's test. Results obtained by UHPLC correlated well with the microbiological method: the sum of vitamers was on average 89 AE 10% of the microbiologically determined total folate content. The content of major vitamer, 5-methyltetrahydrofolate (5-CH3-H4), was 46-67% of the vitamer sum, but differences between HPS and LED treatment were not statistically significant ( Table 2 ). The proportion of 5,10-methenyltetrahydrofolate (5,10-CHþ-H4) varied from 23 to 39% of the vitamer sum, and plants in the RB and RCW treatments accumulated significantly more 5,10-CHþ-H4 than plants grown under HPS lamps. No differences were found in the 5-formyltetrahydrofolate (5-HCO-H4) and tetrahydrofolate (H4) contents which accounted for less than 10% in all samples. The level of 10-formylfolic acid (10-HCO-PGA) and folic acid (PGA) were very low and these vitamers were not detected in all samples (data not shown). Total folate contents were similar in experiments 1 and 2 (HPS and WW) showing good repeatability (Table 2) . Also, in the second experiment, 5-CH3-H4 and 5,10-CHþ-H4 were the most abundant vitamers. However, comparable levels of different vitamers were found in HPS and WW treatments. The light spectra also affected total tocopherol contents in lettuce in experiment 1 (p ¼ 0.002) ( Table 2 ). Significantly more total tocopherols were found in the RB treatment than in the control. -tocopherol was the major tocopherol in all samples. Its proportion ranged from 72 to 76% of total tocopherol, and -tocopherol contributed 19 to 24%. Moreover, the level of -tocopherol was low in all treatments. The comparison of tocopherol levels in the plants grown under different spectra revealed that RB spectra increased the contents of -and -tocopherols compared to the control. In addition, higher -tocopherol levels were found under RCW, RB and WW spectra than in the HPS treatment. Total tocopherol and lutein contents were closely related to each other and showed a positive correlation coefficient of 0.956. Thus, lutein contents were also the highest in lettuces grown under RB lamps whereas no differences were found between HPS and the other lighting spectra. The absence or presence of natural light in experiments 1 and 2, respectively, did not affect total tocopherol contents. However, lutein accumulation was slightly increased when natural light was excluded. The analysis of nitrate content revealed that plants grown under RB, WW or WWB spectra accumulated similar amounts of nitrate as plants illuminated with HPS lamps in experiment 1, which was carried out without natural light (Table 2 ). However, significantly less nitrate was found in the plants grown under RCW lamps compared to the HPS treatment. When WW LEDs and HPS lamps were used as a supplemental light in experiment 2, clearly higher nitrate levels were found compared to experiment 1 (Table 2) . However, no statistically significant differences were found between the treatments.
Discussion
LEDs are promising light sources for the cultivation of greenhouse crops, since they allow optimization of the light spectra and have a potential to reduce energy consumption. 2, 36 In this paper, we have analysed the effect of several LED spectra on various growth and quality parameters of greenhouse grown lettuce cv. Frillice. Equal biomass accumulation was found under WW and HPS spectra, whereas significantly lower yield was observed under RCW and RB LED lights. Since we found only minor differences in the number of leaves, the differences in the biomass accumulation were mostly due to observed changes in the plant height and leaf area. In addition, light spectrum is known to affect leaf thickness. 37 However, we did not find differences in the specific leaf area (data not shown) which is a good estimation of leaf thickness.
Biomass accumulation is dependent on photosynthesis driven by the light absorption of chlorophyll pigments, which have absorption peaks in blue and red wavelengths of the light spectrum. 4 We found that RB light spectrum provided insufficient growth results compared to HPS lamps, indicating that additional wavelengths are needed to enhance biomass accumulation. In strong white light, green light has been shown to enhance photosynthesis more efficiently than red light because it penetrates deeper in the leaves and can be absorbed by chlorophyll molecules at lower cell layers. 38 Furthermore, the addition of 24% of green light into the RB spectra has been found to increase leaf area and fresh weight of lettuce seedlings, 7 but this was not the case in our study. We found that similarly to RB light, RCW spectrum that contains approximately 27% green light (500-600 nm) was poor in terms of biomass accumulation compared to the HPS spectrum. One possible explanation for the different results is a difference in green light spectra: Kim et al. used lamps that emitted a more pronounced green band between 500 and 550 nm, 7 whereas the RCW lamps had higher emission between 550 and 600 nm. This idea is supported by the finding that small changes in the bandwidth of green light have a significant effect on lettuce growth. 39 It is also important to notice that the HPS, WW, and WWB spectra that provided the highest biomass accumulation had the highest G/B ratios (Table 1) . We also calculated R/B ratios of our luminaires and found that HPS lamp had a two or three times higher R/B ratio than our RB or RCW spectra, respectively (Table 1 ). Since B light is known to reduce elongation growth, 15, 16 the low level of B light in HPS lamps is one possible reason for taller plants observed under this spectrum. However, the WWB LED had a low R/B ratio compared to the HPS lamps, but equal growth was observed under HPS and WWB lamps.
Calculation of the R/FR ratios revealed large differences between the spectra used in Light spectra and lettuce growth and nutrition 889 this study. Poor growth results in RB and RCW correlated with very high R/FR ratios compared to HPS lamps, whereas WW and WWB spectra, which promoted biomass accumulation comparable to HPS lamps, had similar R/FR ratios to HPS (Table 1) . Therefore, slow biomass accumulation under RCW and RB spectra is likely to be directly related to the lack of photon emission in the FR region. It is known that increasing FR radiation relative to R promotes leaf expansion in some plant species. 9, 40 Consistent with this, significantly smaller leaf area was found in RB and RCW treatments compared with HPS, whereas no differences were found between HPS and WW or WWB suggesting that slower biomass accumulation in RB and RCW was associated with decreased leaf expansion. In conclusion, our results suggest that for cultivation of lettuce plants in the absence of daylight, the FR spectral component is more critical for efficient biomass accumulation than the R/B ratio, but the role of green light in the white light spectra requires further study. Additional experiments are also needed to reveal the importance of supplemental FR light in the greenhouse production of lettuce in northern latitudes during winter, when the intensity of natural light is low. Furthermore, the effect of additional blue light in the presence of FR light should be tested, since a relatively high level of blue light is needed to enhance photosynthetic efficiency. 10 However, a decrease in the elongation growth caused by blue light has to be taken into account. 16, 41 Under ideal conditions, lighting spectra could be tailored according to seasonal changes in the natural light considering the requirements of the plant and the energy efficiency of different LEDs.
We also studied the nutritional quality of lettuce plants grown in different lighting spectra by analysing their vitamin and nitrate contents. The total folate, tocopherol and lutein contents fell into the range observed in different lettuce cultivars in previous studies. 20, 21, 42, 43 We found that the RB spectrum caused a general increase in the vitamin contents compared with HPS spectrum indicating that this lighting spectrum can potentially be used to improve the nutritional quality of lettuce plants grown without natural light. However when calculated per plant, the total vitamin contents were not increased under RB spectra because of the slower growth rate in this treatment compared to HPS. In contrast to the RB spectrum, the vitamin contents in other LED treatments were mostly comparable with the HPS control although RCW tended to slightly increase vitamin levels. To our knowledge the effect of light spectra on folate and tocopherol contents has not been analysed previously, but a few studies on carotenoids have been carried out. Li and Kubota showed that supplementing white with blue light increased carotenoid contents by 12%. 44 In addition, supplemental UV-A and UV-B lights had varying effects on carotenoids in eight varieties of green leaf lettuces. 32 RB and RCW spectra slightly affected the content and proportion of different folate vitamers compared to HPS. In our study, 5-methyltetrahydrofolate was the dominant folate vitamer, as reported in leafy vegetables in other studies. 45, 46 However, according to Johansson et al., in lettuce cultivars formylated vitamers generally dominate over 5-methyltetrahydrofolate. 21 They did not report any 5,10-methenyltetrahydrofolate in cv. Frillice, although it was the second most abundant vitamer in our study. Instead, they found a larger proportion of 5-formyltetrahydrofolate. These differences in the vitamer distribution pattern may be related to different post-harvest conditions, sample storage, and pretreatments as well as the analytical method. 21, 47 In contrast to folate vitamers, although the RB spectrum increased total tocopherol content, light spectrum had no effect on the proportion of different tocopherols. -tocopherol was the major tocopherol in all samples followed by -tocopherol. A high proportion of -tocopherol in lettuce compared to other green vegetables has also been found earlier, and it was suggested to reflect early stages of development and low activity of -tocopherol methyltransferase in lettuce. 48 Although RB and RCW spectra increased vitamin contents of lettuce plants compared to HPS, none of the LED treatments affected nitrate accumulation.
In conclusion, we found warm-white LEDs are viable light source for lettuce cultivation, since they can provide equal biomass accumulation, nutritional quality and external quality to that produced by the conventionally used HPS lamps. The drawback of WW LEDs is their relatively poor energy efficiency compared to HPS lamps which currently limits the utilization of this technology. However, the energy efficiency of WW LEDs is expected to rapidly improve, whereas significant improvements in the electrical efficiency of highintensity discharge lamps are unlikely to occur considering the material limits and the complexity of plasma physics required for these lighting technologies. In addition, no significant improvements in the luminous efficacy for high-intensity discharge lamps in comparison to phosphor-converted white LEDs are expected in the future considering its past evolution. 36, 49 Therefore, the energy efficiency of WW LEDs is expected to surpass the performance of current HPS lamps in the near future. 2, 36, 49 On the other hand, although the RB spectrum reduced biomass accumulation in lettuce when plants were grown in the absence of daylight, it also increased the concentration of vitamins without increasing nitrate levels indicating that LEDs may also have a potential to improve the nutritional quality of the greenhouse crops.
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